Introduction
Janus kinase 2 (JAK2) mutations are present in .95% of patients with polycythemia vera (PV) and also constitute the most frequent mutation (;60% incidence) in essential thrombocythemia (ET) and primary myelofibrosis (PMF).
1 Calreticulin (CALR) exon 9 insertions/deletions represent the second most frequent mutation in ET and PMF; their mutational frequency is estimated between 15% and 32% in ET and 25% and 35% in PMF. [2] [3] [4] [5] [6] [7] [8] Myeloproliferative leukemia virus oncogene (MPL) mutations are also specific to ET and PMF and occur with mutational frequencies of 4% in ET and ;8% in PMF.
1 JAK2, CALR, and MPL mutations are for the most part mutually exclusive and their pathogenetic contribution is currently believed to include upregulation of JAK2 signaling. 9 The original descriptions of CALR mutations in myeloproliferative neoplasms (MPN) suggested a significant impact on disease phenotype and outcome. 2, 3 In 1 of these 2 seminal reports, 2 CALR-mutated patients with ET, compared with their JAK2-mutated counterparts, displayed higher platelet count, lower leukocyte count, lower hemoglobin level, lower risk of thrombosis, and better survival. The authors also reported higher platelet count, lower leukocyte count, and better survival in CALR-mutated PMF patients, compared with JAK2-mutated cases. 2 In the second study, 3 CALR-mutated ET patients were associated with higher platelet count, lower hemoglobin level, and higher incidence of fibrotic transformation, compared with JAK2-mutated cases. 3 Subsequent reports did not find significant difference in survival or risk of fibrotic transformation between CALR-and JAK2-mutated ET. 4, 5, 7 In PMF, the favorable impact of CALR mutations on survival 2 was confirmed in a subsequent study, 6 which also disclosed the prognostically detrimental effect of "triple-negative" mutational status (ie, wild type for JAK2, CALR and MPL). The latter study 6 and subsequent reports 10, 11 showed further prognostic modifications by ASXL1 mutational status and number of prognostically detrimental mutations. Mutant CALR vs JAK2 mutations in PMF were also associated with younger age, lower hemoglobin level, lower risk disease, and lower frequency of spliceosome mutations. 6 More recent reports have suggested differential phenotypic and prognostic effects from distinct mutant CALR variants, including an association of type 2 vs type 1 variants with higher platelet count in ET 12 and worse prognosis in PMF.
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JAK2 mutations in ET are often accompanied by distinct biological and clinical characteristics, 1 suggesting the possibility of a JAK2 mutation-associated disease continuum that is phenotypically patterned by additional genetic or biologic changes. Consistent with this concept, some have argued that PV and JAK2-mutated ET are different phases of the same disease and share similar natural history, including survival. 5, 14 The current study addresses this issue by comparing longterm survival and blast transformation (BT) rates between PV, ET, and PMF, in the context of their specific JAK2/MPL/CALR mutational status; we also examined the impact of JAK2/MPL/CALR mutational status on long-term disease outcome in ET and PMF.
Methods
The current study was approved by the institutional review boards of Mayo Clinic (Rochester, MN), University of Florence (Florence, Italy), and Papa Giovanni XXIII Hospital (Bergamo, Italy) and conducted in accordance with the Declaration of Helsinki. To obtain mature survival data, study eligibility criteria included a diagnosis date prior to 2006 for ET and PV and 2011 for PMF. In addition, for ET and PMF, only those patients whose mutational status, in terms of JAK2, CALR, or MPL, was known were included in the current study. The performance of mutation screening was solely based on availability of archived DNA and no other selection bias was introduced. Diagnoses of ET, PV, PMF, and BT were according to the 2008 World Health Organization (WHO) criteria. 15, 16 Previously published methods were used for CALR, JAK2, and MPL mutation analyses. 6 All statistical analyses considered clinical and laboratory parameters obtained at diagnosis or within 1 year of diagnosis. Differences in the distribution of continuous variables between categories were analyzed by either Mann-Whitney or Kruskal-Wallis test. Patient groups with nominal variables were compared by x 2 test. All patients, including those from the Mayo Clinic and the 2 Italian centers, were followed until death, leukemic transformation, or last clinic visit if they were currently alive. In addition, follow-up information on the patients who are alive was updated by directly contacting patients or their physicians. Survival analysis was considered from the date of diagnosis to date of death (uncensored) or last contact (censored). Leukemia-free survival (LFS) calculations considered BT as the uncensored variable. Survival curves were prepared by the Kaplan-Meier method and compared by the log-rank test. Observed survival in ET was compared with the expected survival of the age-and sex-matched US total population. The rate of BT was calculated as the cumulative incidence of transformation, accounting for the competing risk of death. 17 The Cox proportional hazard regression model was used for multivariable analysis. P values , .05 were considered significant. All analyses were conducted using the Stat View (SAS Institute) or SAS version 9.2 (SAS Institute) statistical packages.
Results
One thousand five hundred eighty-one patients were included in the current study and were recruited from the Mayo Clinic (n 5 826) and 2 centers from Italy (n 5 755; 598 from Florence and 157 from Bergamo). The comparison of survival between ET, PV, and PMF was first analyzed using the Mayo cohort and the results validated using the Italian cohort; the 2 cohorts were considered together for examining the prognostic implications of mutational status in ET and PMF, to optimize the sample sizes for patients with the less frequent mutational categories.
The 826 Mayo patients included 292 with ET, 267 PV, and 267 PMF ( Table 1 ). The 755 patients from Italy included 284 with ET (median age, 54 years; 68% females), 310 PV (median age 58 years; 46% females), and 161 PMF (median age, 64 years; 32% females) (supplemental Table 1 , see supplemental Data available at the Blood Web site). All 157 patients from Bergamo had PV and the 445 Italian patients with ET or PMF were all recruited from the University of Florence.
Presenting features: ET vs PV vs PMF Table 1 outlines clinical and laboratory features at diagnosis (or within 1 year of diagnosis) for the 826 patients from the Mayo Clinic, stratified by MPN subtype. In addition to the expected differences in hemoglobin level and platelet count, other significant differences between ET, PV, and PMF included younger age in ET, preponderance of male sex in PMF, and higher leukocyte count in PV. Similar analysis restricted to JAK2-mutated cases revealed mostly similar results (supplemental Table 2 ). Supplemental Table 1 outlines comparative results for the patients from Italy, which were mostly similar, with few exceptions.
Presenting features: JAK2 vs CALR vs MPL mutated vs triple-negative ET Table 2 lists the presenting features in the combined Mayo-Italian cohort of patients with ET (n 5 576). Compared with JAK2-mutated cases, CALR-mutated ET patients displayed younger age, male sex, higher platelet count, lower hemoglobin level, lower leukocyte count, and lower incidence of thrombosis. Triple-negative ET patients also displayed younger age, lower hemoglobin level, lower leukocyte count, and lower incidence of thrombosis, compared with JAK2-mutated cases. Comparison of triple-negative and CALRmutated ET patients showed the latter to be associated with male sex and higher platelet count. MPL-mutated cases were similar to JAK2-mutated cases in terms of age and gender distribution and thrombosis risk but displayed lower hemoglobin level.
Presenting features: JAK2 vs CALR vs MPL mutated vs triple-negative PMF Table 2 lists the presenting features in the combined MayoItalian cohort of patients with PMF (n 5 428). Compared with Percentages are rounded up to the nearest whole percent.
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JAK2-mutated cases, CALR-mutated PMF patients displayed younger age, higher platelet count, and lower leukocyte count. Triplenegative PMF patients displayed lower hemoglobin level and lower platelet count, compared with JAK2-mutated cases. Comparison of CALR and triple-negative PMF patients showed the former to be younger and display higher hemoglobin and platelet counts. Compared with JAK2-mutated cases, MPL-mutated PMF patients were younger and displayed lower leukocyte count.
Cytogenetic information was available for the Mayo Clinic PMF patients and showed an abnormal karyotype in 33% with no difference between the JAK2/CALR/MPL mutational categories (P 5 .43); there was also no difference in the distribution of normal vs favorable vs unfavorable cytogenetic abnormalities (P 5 .46).
Clinical course
Among the 826 Mayo patients, 475 (58%) were followed until death, including 139 (48%) with ET, 164 (61%) with PV, and 172 (64%) with PMF; the median follow-up time for living patients was 17.3 years for ET (range, 6.8-43.6), 11.8 years for PV (range, 8.3-39.3) and 7.7 years for PMF (range 3.3-26). BT was reported in 64 Mayo patients, including 34 (12.7%) with PMF, 18 (6.7%) with PV, and 12 (4.1%) with ET; fibrotic transformations were reported in 63 patients including 34 (12.7%) with PV and 29 (9.9%) with ET.
Among the 755 Italian patients, 168 (22%) were followed until death, including 24 (9%) with ET, 84 (27%) with PV, and 60 (37%) with PMF. The median follow-up time for living patients in the Italian cohort was 10.7 years for ET, 11.1 years for PV, and 4.8 years for PMF; BT was reported in 33 patients, including 19 (11.8%) with PMF, 10 (3.2%) with PV, and 4 (1.4%) with ET. Fibrotic transformations were reported in 91 Italian patients including 65 (21%) with PV and 26 (9.2%) with ET. Polycythemic conversions were infrequent in both the Mayo (n 5 9; 3%) and Italian (n 5 2; 1%) cohorts.
Considering the fact that the study population was selected based on diagnosis dates of prior to 2006 for ET and PV and 2011 for PMF, there was not much difference in treatment approaches between the Mayo Clinic and the 2 Italian centers. In all instances, hydroxyurea was the primary cytoreductive agent used for high-risk PV or ET and PMF. Other frequently used drugs included aspirin for PV and ET and a spectrum of agents for PMF-associated anemia, including androgen preparations, erythropoiesis-stimulating agents, prednisone, danazol, and thalidomide.
Survival: ET vs PV vs PMF
Primary analysis of survival data, for comparison of ET vs PV vs PMF, was performed using the Mayo Clinic cohort of 826 patients, where the majority (58%) was followed until death, thus ensuring mature survival data (Figure 1 ). Median survivals were 19.8 years for ET, 13.5 for PV (hazard ratio [HR], 1.8; 95% confidence interval [CI], 1.4-2.2), and 5.9 for PMF (HR, 4.5; 95% CI, 3.5-5.7). The corresponding median survivals for patients younger than age 60 years were 32.7 years for ET, 23.8 years for PV, and 14.6 years for PMF (P , .001; supplemental Figure 1 ). Despite the very long survival estimates in patients with ET, their life expectancy remained inferior to the age-and sex-matched US population (Figure 1; P , .001) .
The survival advantage of ET over PV was not affected by age (HR, 1.5; 95% CI, 1.2-1.9), sex (HR, 1.8; 95% CI, 1.4-2.3), or mutational status (HR, 1.7; 95% CI, 1.3-2.2) and was similarly demonstrated by a separate analysis of the Italian patient cohort (n 5 755; supplemental Figure 2 ). The HRs (95% CI) for the Italian cohort, compared with ET, were 12.3 (7.6-20.0) for PMF and 3.1 (2.0-4.9) for PV; the corresponding values for analysis restricted to the 598 patients from Florence were 10.9 (6.7-17.8) and 2.3 (1.3-3.8).
BT and fibrotic progression: ET vs PV vs PMF
In the Mayo cohort, the cumulative incidence of BT, with death as a competing risk, was 3.8% for ET (95% CI, 1.3-6.2), 6.8% for PV (95% CI, 3.3-10.2), and 14.2% for PMF (95% CI, 9.5-18.6) (Figure 2) . The difference was significant for ET vs PMF (P 5 .002) and for PV vs PMF (P 5 .03). The difference between ET and PV was of borderline significance (0.16). Calculation of LFS without competing risk adjustment showed worse outcome in both PMF (HR, 9.4; 95% CI, 4.6-19.3) and in PV (HR, 2.3; 95% CI, 1.1-4.7), compared with ET. The corresponding HRs (95% CI), during separate analysis of JAK2-mutated cases, were 18.8 (6.4-55.4) and 2.9 ( 1.1-7.9) . A similar analysis of LFS in the Italian patient cohort also showed a significant difference between PMF and ET (HR, 19.1; 95% CI, 6.3-57.7) but the difference between PV and ET did not reach statistical significance (HR, 2.3; 95% CI, 0.7-7.3).
Among the Italian cohort of 594 patients with PV (n 5 310) and ET (n 5 284), 91 fibrotic transformations were reported, including 65 (21%) in PV and 26 (9.2%) in ET (P , .0001). In contrast, comparison of fibrotic progression rates in the Mayo cohort was not significantly different between ET (10.3%) and PV (12.5%).
Mutation-specific survival: ET vs PV vs PMF Figure 3 depicts survival data comparisons, using the Mayo patient cohort, between PV and patients with ET and PMF stratified by the 2 most frequent mutations: JAK2 and CALR. The figure illustrates the inferior survival in both PV (HR 1.6, 95% CI 1.2-2.1) and JAK2-mutated PMF (HR, 6.2; 95% CI, 4.5-8.5), compared with JAK2-mutated ET. This difference in survival between PV and JAK2-mutated ET remained significant during multivariable analysis that included both age and sex (P 5 .007; HR, 1.5; 95% CI, 1.1-1.9).
In univariate analysis, there was no significant difference in survival between PV and CALR-mutated PMF (P 5 .54; Figure 3) ; however, survival was shown to be worse in CALR-mutated PMF (median age, 54 years), compared with PV (median age, 64 years; P , .001), when the analysis was adjusted for age (HR, 1.6; 95% CI, 1.1-2.4). The JAK2 mutation-specific survival difference between ET, PV, and PMF was similarly demonstrated in the Italian patient cohort (supplemental Figure 3) ; HRs (95% CI), compared with JAK2-mutated ET, were 15.1 (8.0-28.5) for JAK2-mutated PMF and 2.7 (1.6-4.6) for PV.
Mutational status and disease outcome in PMF
To optimize sample size for comparison of survival among specific mutational groups in PMF, we analyzed the Mayo and Italian cohorts together. This resulted in a total number of 428 patients with JAK2 For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From (n 5 258; 60%), CALR (n 5 92; 22%), MPL (n 5 26; 6%) mutated or triple-negative (n 5 52; 12%) mutational status. Triple-negative patients displayed significantly worse survival (median, 2.3 years), compared with CALR (median, 15.9 years; HR, 0.2; 95% CI, 0.1-0.3), JAK2 (median, 5.9 years; HR, 0.5; 95% CI, 0.4-0.7), or MPL (median, 9.9 years; HR, 0.3, 95% CI, 0.2-0.6) mutated cases ( Figure 4 ); these differences remained significant when analysis was adjusted for age and sex. Conversely, survival was significantly better in CALRmutated patients, compared with triple-negative (HR, 5.1; 95% CI, 3.2-8.0) and JAK2 (HR, 2.5; 95% CI, 1.7-3.7) mutated cases; the difference in survival between CALR-and MPL-mutated PMF did not reach significance level (HR, 1.6; 95% CI, 0.9-3.0).
Among the 92 CALR mutated PMF patients recruited from the Mayo Clinic and University of Florence, 72 harbored type 1, 10 type 2, and 10 other CALR variants. Survival was significantly better in type 1, compared with both type 2 (P 5 .03) CALR variant and mutant JAK2 (P , .0001). Survival was not different between type 2 CALR and JAK2 mutations (P 5 .3) or mutant JAK2 and other CALR variants (P 5 .7).
LFS in PMF was significantly worse in the presence of triplenegative mutational status, compared with CALR (HR, 0.1; 95% CI, 0.05-0.35), JAK2 (HR, 0.4; 95% CI, 0.2-0.7) and MPL (HR, 0.3; 95% CI, 0.1-0.9) mutated status. Conversely, CALR-mutated patients were at lesser risk of leukemic transformation, compared with triplenegative (HR, 7.6; 95% CI, 2.8-20.2) and JAK2 (HR, 2.7; 95% CI, 1.1-6.6) mutated cases, but not when compared with MPL-mutated cases (HR, 1.9; 95% CI, 0.5-7.7).
Mutational status and disease outcome in ET
The 576 patients with ET included JAK2 (n 5 336; 58%), CALR (n 5 134; 23%), MPL (n 5 22; 4%), mutated or triple-negative (n 5 84; 15%) cases. Survival differences between mutational categories, noted during univariate analyses (P values of .04 and .02 in favor of triple-negative vs JAK2-and MPL-mutated cases, respectively), were fully accounted for by differences in age distribution (age-adjusted P values were .38 and .21, respectively). Similarly, a near-significant (P 5 .06) difference in age-adjusted survival between triple-negative and CALR-mutated cases (P 5 .06) became insignificant when adjusted for gender (P 5 .31). LFS in ET was not affected by mutational status.
A total of 55 (9.5%) fibrotic transformations were documented among the 576 ET patients from Mayo and Italy. These included 27 (8%) of 336 JAK2-mutated, 18 (13.4%) of 134 CALR-mutated, 6 (27%) of 22 MPL-mutated, and 4 (4.8%) of 84 triple-negative cases (P 5 .004); the apparently significant difference was attributed to the higher transformation rate in MPL-mutated ET and the P value between the other 3 mutational categories was .06.
Discussion
Among the BCR-ABL1-negative MPN, ET is generally considered to have the best prognosis and PMF the worst. 18 In this regard, recent reports have underscored the prognostic relevance of strict adherence to WHO-defined morphologic criteria, in distinguishing ET from both prefibrotic PMF and masked PV. 19, 20 The recent discovery of CALR mutations in JAK2 and MPL unmutated MPN, 2,3 their remarkable specificity to ET and PMF, and their potential relevance to disease outcome warranted a revisit on the prognostic interrelationship between morphologically defined PV, ET, and PMF.
The current study, which is distinguished by the consideration of strictly WHO-defined MPN that is fully annotated for JAK2/CALR/MPL mutational status, establishes the superiority of morphologically defined ET to PV, regardless of mutational status. We also show reduced life expectancy in ET, which was suggested in a previous population-based study. 18 Mature survival data in patients younger than age 60 years revealed very long median survivals of ;33 years for ET, 24 years for PV, and 15 years for PMF. The particular observation underscores the need to respect the generally stable clonal biology in ET and PV and avoid subjecting patients to investigational drug therapy whose long-term ill effects are unknown.
The second major point from the current study is the demonstration of similar overall and LFS data between JAK2-and CALR-mutated ET, both of which were significantly better than those of PV. Also, patients with JAK2-mutated ET who converted to bona fide PV were rare in both the Mayo and Italian cohorts. These observations do not support the concept of a disease continuum between JAK2-mutated ET and PV and, instead, suggest 2 separate disease entities that are primarily distinguished by their morphologic traits. In other words, PV and ET are not distinguished by their genetic profile but by their phenotypic characteristics and clinical course.
The respectively favorable and unfavorable prognostic impact of CALR-mutated and triple-negative mutational status in PMF is therapeutically relevant. Obviously, treatment decisions should also account for the Dynamic International Prognostic Scoring Systemplus risk stratification 21 and additional prognostically detrimental mutations. 10, 11, 22 The apparently higher incidence of fibrotic transformations in MPL-mutated ET warrants further investigation.
In conclusion, currently known mutations have yet to overshadow the need for morphologic distinction of ET from PV, in terms of not only diagnostic but also prognostic relevance. In other words, determination of JAK2/CALR mutational status alone, without morphologic examination, is not sufficient to differentiate PV from JAK2 mutant ET. On the other hand, distinguishing morphologically defined ET into JAK2 and CALR subtypes carries limited prognostic relevance, in terms of survival and BT. In contrast, JAK2/CALR/ MPL mutational status provides significant prognostic information in PMF, which should be further clarified in view of the possible difference in prognostic contribution from distinct CALR variants.
